Background and purpose: Controversy still exists as to whether or not inhaled b 2 -adrenoceptor agonists and corticosteroids act synergistically in vivo. In this study, we have used a murine model of lung inflammation to study the synergistic effect of an inhaled b 2 -adrenoceptor agonists (formoterol) and an inhaled corticosteroid (mometasone). Experimental approach: Actively sensitized mice were challenged with aerosolized ovalbumin, once a day, for three consecutive days. Three days after the last of the three challenges, a final allergen challenge was given. Allergen-induced increase in Penh was measured 4 h after the last challenge. A day after the last challenge, increased airway sensitivity to aerosolized methacholine was demonstrated and this was concomitant with an influx of inflammatory cells in the bronchoalveolar lavage fluids. Key results: Mometasone (0.1 to 3 mg kg À1 ) given intranasally either an hour before or after the last allergen challenge, dosedependently inhibited all parameters. When given intranasally either one or three hours after the last allergen challenge, but not an hour before, formoterol (1.5 to 150 mg kg À1 ) also dose-dependently inhibited most of the parameters to different degree. A synergistic effect on the allergen-induced increase in Penh was demonstrated for mometasone and formoterol given in combination, an hour after the challenge, at the following doses: mometasone/formoterol (in mg kg À1 ) 1/10, 1/100, 5/10, and 5/100. Conclusions and implications: Our results support the hypothesis that when given as a fixed combination, inhaled corticosteroid and b 2 -adrenoceptor agonist act synergistically in vivo.
Introduction
Asthma is characterized by chronic inflammation of the airway with variable airflow limitation resulting in recurrent wheezing, chest tightness and cough. Inhaled b 2 -adrenoceptor agonists and inhaled corticosteroids are the most effective therapies available for asthma management. Activation of the transmembrane b 2 -adrenoceptor leads to an increase in intracellular cAMP, which in turn promotes relaxation of the airway smooth muscle cells. On the other hand, upon activation, the intracellular corticosteroid receptor can either downregulate pro-inflammatory gene transcription or upregulate anti-inflammatory genes. Therefore inhaled b 2 agonists act as bronchodilator agents whereas inhaled corticosteroids downregulate the inflammatory reaction within the lungs of asthmatic patients.
Many clinical studies have demonstrated that the use of fixed-dose combinations provides better asthma control than increasing the dose of steroid alone. This has led to the recent introduction of fixed-dose combination inhalers containing both a b 2 -adrenoceptor agonist and a corticosteroid (Nelson, 2001; Kuna and Kuprys, 2002) . Recent in vitro evidence suggests that in addition to their complementary beneficial effects (that is bronchial relaxation and antiinflammatory activities), these two classes of drugs might have several positive interactions that could be of clinical relevance and lead to a synergistic effect when given as a fixed-dose combination to the patients (Nelson et al., 2003) . Although a positive interaction between these two classes of drugs has been demonstrated in a model of acetaldehydeinduced airway responses in the anaesthetized guinea-pig (Rossoni et al., 2005) , evidence for a true synergistic effect in conscious animals using a more relevant model of asthma has not yet been demonstrated. Hence, it is still a matter of debate as to whether the beneficial effect of a fixed-dose combination in asthma is due to an additive or a synergistic effect (Lipworth and Fardon, 2004; Metcalfe and Moodie, 2004) . In this study, we have used a previously described allergen-driven model of pulmonary inflammation in mice (Cieslewicz et al., 1999; Bonneau et al., 2006) to study the potential synergistic effect of an inhaled b 2 -adrenoceptor agonists (formoterol) and an inhaled corticosteroid (mometasone), using the algebraic method developed by Berenbaum (1977) . Our results support the hypothesis that, when given as a fixed combination, an inhaled corticosteroid and b 2 -adrenoceptor agonist act synergistically in vivo.
Methods

Animals
Female BALB/c mice (11 weeks old, Charles River, UK) were housed in plastic cages in an air-conditioned room at 241C in a 12 h light-dark cycle. All animals were acclimatized in the animal unit for at least 7 days before the start of any experimental work. Food and water were available ad libitum. The studies described here were carried out in the UK and conformed to the United Kingdom Animal (scientific procedures) Act 1986. A total of 340 animals were used for the study.
Sensitization and challenge
Mice were immunized i.p. with 20 mg of ovalbumin (OA) in 0.1 ml of Alum (Serva, Heidelberg, Germany) on days 0 and 14. On days 21-23, animals were exposed, for 20 min, to an aerosol of OA (10 mg ml À1 ) in phosphate-buffered saline (PBS), to establish the inflammatory process within the lung, or PBS alone as a control. On day 26, a final challenge was given as an aerosol solution of OA in PBS (50 mg ml À1 ) or PBS alone for 20 min (Bonneau et al., 2006) .
Lung function measurements
All lung function measurements were done using whole body plethysmography, using enhanced pause (Penh) as a read out, in conscious animals and expressed as area under the curve measured for 5 min (Bonneau et al., 2006) .
On day 26, before the last allergen challenge, baseline Penh measurements were taken for each animal and again 4 h after the last challenge. Airway reactivity to aerosolized methacholine (0-0.6 M) was measured, in a cumulative fashion, 1 day after the last challenge.
Bronchoalveolar lavage
Two days after the last allergen challenge and following the measurement of allergen-induced increase in Penh and airway reactivity to methacholine, the animals were killed by an i.p. injection of 60 mg kg À1 pentobarbitone and bronchoalveolar lavage (BAL) was performed, by injecting four times 0.3 ml of PBS into the airway lumen, for determination of inflammatory cells numbers (Bonneau et al., 2006) .
Drug treatment
Formoterol, mometasone or their combination were given, intranasally, as a solution in 50 ml of PBS containing 2% Nmethyl pyronidole (Bonneau et al., 2006) .
Data analysis
Results are expressed as means7s.e.mean. Statistical comparisons were performed using a Mann-Whitney test with Bonferroni correction for multiple comparisons and a Pvalue of less than 0.05 was considered significant (Systat V.10.2).
For comparison of the airway reactivity to aerosolized methacholine between groups, a sigmoidal curve was fitted to the dose-response data and used to calculate the concentration of methacholine that produced a 200% increase (PC 200 ) above baseline of the Penh value (Origin V. 7.0).
The possible synergistic interaction between the two compounds was analysed by the algebraic method developed by Berenbaum (1977) . On the basis of experimental data, the following coefficient was calculated: M/Me þ F/Fe. M and F are the dose of mometasone and formoterol, given in combination that achieve a given quantitative effect. Me and Fe are the dose of mometasone and formoterol, given alone, that produce the same quantitative effect (equieffective dose). A coefficient of 1 would indicate an additive effect, less than 1 a synergistic effect and greater than 1 an antagonistic effect, for the two compounds.
Drugs
Formoterol and mometasone were synthesized at the Research Department of Novartis Pharma. All other reagents were purchased from Sigma-Aldrich (Poole, UK) unless specified otherwise.
Results
Three control groups were used in the following studies: a negative control group refers to sensitized animals challenged with PBS on days 21-23 and 26 (PBS/PBS). A baseline control group refers to sensitized animals challenged with OA on days 21-23 and challenged with PBS on day 26 (PBS/ OA). A positive control group refers to sensitized animals challenged with OA on days 21-23 and 26 (OA/OA).
Effect of mometasone given an hour before the last allergen challenge
When compared with the PBS/PBS or the OA/PBS group, the OA/OA group developed an increase in Penh 4 h after the last challenge ( Figure 1a ). The allergen-induced increase in Penh in the OA/OA group was dose-dependently inhibited by mometasone, given an hour before the last allergen challenge, and a full inhibition was observed at a dose of 0.3 mg kg À1 (Figure 1a ). When compared with the PBS/PBS and the OA/PBS groups, the OA/OA group was hypersensitive to aerosolized methacholine as demonstrated by a Figure 1b ). Mometasone inhibited the increased airway sensitivity to aerosolized methacholine at the highest dose tested, 3 mg kg À1 (Figure 1b ). In the PBS/PBS group, the BAL cells were mainly macrophages with few neutrophils and lymphocytes. In the OA/PBS group, a significant increase in neutrophil, eosinophil and lymphocyte numbers was observed (Figures 1c-e ). Eosinophil, neutrophil and lymphocyte numbers were further increased in the OA/OA group and this was dose-dependently inhibited by mometasone, given an hour before the last challenge (Figures 1c-e ). When compared with the OA/PBS group, the macrophage numbers were not significantly different in the OA/OA group and mometasone had no effect on this cell type ( Figure 1f ).
Effect of formoterol
In a first experiment, formoterol (1.5-150 mg kg À1 ) was given, intranasally, an hour before the last OA challenge. Under these conditions, the drug had no or only a minimal effect on the allergen-induced increase in Penh and BAL inflammatory cell influx. In contrast, a significant decrease in the PC 200 values was observed at a dose of 150 mg kg À1 (Table 1) . In contrast to the pre-allergen challenge treatment regime, when given either 1 or 3 h after the last allergen challenge, formoterol dose-dependently inhibited the allergen-induced increase in Penh measured 4 h after the challenge (Figure 2a ). The efficacy of the drug was similar whether it was given 1 or 3 h after the challenge, with a maximal inhibition of 55% (Figure 2a ). One day after the last OA challenge, the animals from the OA/OA group were hypersensitive to aerosolized methacholine when compared with the OA/PBS group, and a significant inhibition was only evident for the highest dose of formoterol (150 mg kg À1 ) in the animals treated 3 h after the challenge (Figure 2b) .
When compared with the OA/PBS group, the animals in the OA/OA group had a significant increase in the number of eosinophils, neutrophils and lymphocytes and a significant and macrophages (f). Actively sensitized animals were challenged with aerosolized OA or its vehicle PBS on days 21-23 after the first sensitization. On day 26, mice were intranasally treated with mometasone and 1 h later either challenged with an aerosolized solution of OA (OA/OA) or phosphate-buffered saline (PBS; OA/PBS). As a control, a group of sensitized animals was challenged with PBS on days 21-23 and 26 (PBS/PBS) and treated with vehicle. Results are expressed as means7s.e.mean from one experiment with 7-8 animals per group. Statistical comparisons were performed using a Mann-Whitney test with Bonferroni correction for multiple comparisons, *Po0.05 when compared with the OA/OA group.
In vivo synergy for formoterol and mometasone D Wyss et al Table 1 Effect of formoterol, given intranasally an hour before the allergen challenge, on allergen-induced increase in Penh, airway space cellular infiltration and increased airway sensitivity to aerosolized methacholine Allergen-induced increase in Penh (times increase) BAL eosinophils (10 5 cells ml À1 ) BAL neutrophils (10 5 cells ml À1 ) BAL macrophages (10 5 cells ml À1 ) BAL lymphocytes (10 5 cells ml À1 ) In vivo synergy for formoterol and mometasone D Wyss et al inhibition was observed only when formoterol was given 3 h after the challenge (Figures 2c-e ). Although macrophage numbers were not significantly increased by the OA challenge, formoterol, when given 3 h after the challenge but not if given 1 h after, did significantly inhibit the number of this cell type (Figure 2f ).
Effect of mometasone given an hour after the allergen challenge
As formoterol was shown to be inactive when given before the last OA challenge, and since both compounds had to be given at the same time in the combination experiment, it was necessary to establish the dose-response data for mometasone when given after the allergen challenge. Mometasone, given an hour after the last allergen challenge, dose-dependently inhibited the allergen-induced increase in Penh with about a 10-fold loss of potency when compared with the pre-challenge treatment schedule (Figure 3a) . The increased airway sensitivity to aerosolized methacholine (Figure 3b ) and the inflammatory cell influx (Figures 3c-f) was dose-dependently inhibited with a similar potency, when compared with the pre-challenge treatment schedule.
Effect of the combination of mometasone and formoterol given an hour after the last allergen challenge
To study a possible synergistic effect of mometasone and formoterol in this model, animals were either treated with three doses of each of the drugs alone (formoterol: 1, 5 and 15 mg kg À1 ; mometasone: 10, 100 and 300 mg kg À1 ) or with four different combinations (formoterol/mometasone in mg kg À1 : 1/10, 5/10, 1/100 and 5/100). As formoterol was shown to be inactive when given before the last OA challenge, and since both compounds had to be given at the same time, all animals were treated an hour after the last allergen challenge. Both formoterol and mometasone dose-dependently inhibited the allergen-induced increase in Penh. A significant, but incomplete inhibition was observed at doses of 15 and 300 mg kg À1 for formoterol and mometasone, respectively. All Figure 3 Effect of mometasone, given 1 h after the last allergen challenge, on ovalbumin (OA)-induced, increase in Penh (a), increased airway sensitivity to aerosolized methacholine (b) and influx of bronchoalveolar lavage (BAL) eosinophils (c), neutrophils (d), lymphocytes (e) and macrophages (f). Actively sensitized animals were challenged with aerosolized OA or its vehicle phosphate-buffered saline (PBS) on days 21-23 after the first sensitization. On day 26, mice were either challenged with an aerosolized solution of OA (OA/OA) or PBS (OA/PBS) and were intranasally treated with mometasone or its vehicle 1 h later. Results are expressed as means7s.e.mean from one experiment with 7-8 animals per group. Statistical comparisons were performed using a Mann-Whitney test with Bonferroni correction for multiple comparisons, *Po0.05 when compared with the OA/OA group.
In vivo synergy for formoterol and mometasone D Wyss et al combinations, apart from 1 mg kg À1 formoterol together with 10 mg kg À1 mometasone, significantly inhibited the allergeninduced increase in Penh (Figure 4 ). Berenbaum's analysis demonstrated a synergistic effect for all four combinations tested when compared with the single entities with a coefficient of 0.23, 0.45, 0.24 and 0.32 for the formoterol/mometasone combinations of 1/10, 5/10, 1/100 and 5/100 mg kg À1 , respectively. Formoterol, up to the highest dose tested, 15 mg kg À1 , had no effect on the OA-induced increased airway sensitivity to aerosolized methacholine. In contrast, mometasone did fully inhibit this response at a dose of 300 mg kg À1 . None of the combinations tested had a significant effect on the increased airway sensitivity to aerosolized methacholine (Table 2) . All the inflammatory cell types were increased after the OA challenge, but only eosinophils were inhibited by the highest dose of mometasone (300 mg kg À1 ) and neutrophils by the combination of formoterol 5 mg kg À1 together with mometasone 100 mg kg À1 (Table 2 ). Since neither formoterol nor mometasone, at the doses used, had a significant effect on the increased airway sensitivity to aerosolized methacholine or the inflammatory cell influx, Berenbaum's analysis could not be applied.
Discussion
In this study, we have shown that formoterol and mometasone, two clinically used drugs, act synergistically to inhibit the allergen-induced increase in Penh observed in allergensensitized and challenged mice.
Because we wanted to measure all parameters (lung function and airway inflammation) within the same animal, the lung function measurements were done using unrestrained barometric whole body plethysmography and expressed as Penh value. The use of Penh to assess lung function is controversial (Adler et al., 2004; Schwarze et al., 2005) and we recognized that Penh is not a substitute for established parameters of lung mechanics. However, a good correlation between airway resistance and Penh has been demonstrated in BALB/c mice, the strain used in our study Figure 4 Effect of formoterol, mometasone or their combination, given 1 h after the last allergen challenge, on ovalbumin (OA)induced, increase in Penh. Actively sensitized animals were challenged with aerosolized OA or its vehicle phosphate-buffered saline (PBS) on days 21-23 after the first sensitization. On day 26, mice were either challenged with an aerosolized solution of OA (OA/OA) or PBS (OA/PBS), and were intranasally treated with formoterol, mometasone or their combinations mometasone or its vehicle 1 h later. Results are expressed as means7s.e.mean from one experiment with 7-8 animals per group. Statistical comparisons were performed using a Mann-Whitney test with Bonferroni correction for multiple comparisons, *Po0.05 when compared with the OA/OA group. Table 2 Effects of formoterol, mometasone and their combinations, given an hour after the allergen challenge, on increased airway sensitivity to aerosolized methacholine and airway space cellular infiltration PC 200 (mM) Eosinophils (10 5 cells ml À1 ) Neutrophils (10 3 cells ml À1 ) Lymphocytes (10 5 cells ml À1 ) Macrophages (10 5 cells ml À1 ) In vivo synergy for formoterol and mometasone D Wyss et al (Adler et al., 2004) . Moreover, it was previously demonstrated that the airway response to allergen challenge in the present model was equivalent whether it was measured using Penh in conscious mice or airway resistance in anaesthetized animals (Cieslewicz et al., 1999) . There is growing evidence in vitro that b 2 -adrenoceptor agonists and corticosteroids have complementary and synergistic effects. In both primary lung fibroblasts (Eickelberg et al., 1999) and primary bronchial smooth muscle cells (Roth et al., 2002) from humans, b 2 -adrenoceptor agonists have been shown to induce ligand-independent activation of the corticosteroid receptor. Importantly, the combination of low doses of b 2 -adrenoceptor agonists and corticosteroids resulted in a synchronized activation of the corticosteroid receptor suggesting a synergistic effect of the two drugs in inhibiting cellular proliferation (Roth et al., 2002) . This synchronized activation of the corticosteroid receptor by b 2 -adrenoceptor agonists has recently been confirmed in healthy volunteers (controls) and patients with mild asthma, where combination therapy with low dose of inhaled corticosteroid and inhaled b 2 -adrenoceptor agonist augmented the activation of the corticosteroid receptor when compared with the single entities (Usmani et al., 2005) . On the other hand, corticosteroids also have positive effects on the b 2 -adrenoceptor. As such, b 2 -adrenoceptor transcription is increased by corticosteroid treatment in human lung tissue in vitro (Mak et al., 1995) or in human nasal mucosa in vivo (Baraniuk et al., 1997) . A positive interaction between corticosteroids and b 2 -adrenoceptor agonists has also been demonstrated on the inhibition of the release of cytokines from human airway smooth muscle (Pang and Knox, 2000) and airway epithelial cells (Korn et al., 2001) . All these studies showed positive interactions between steroids and the b 2adrenoceptor, but none of them clearly demonstrated a synergistic effect between these two classes of compound.
Although our data clearly show a synergistic effect of formoterol and mometasone in vivo, the precise cell type and/or inflammatory events affected by the two drugs is not clear. Both corticosteroids (Nocker et al., 1999) and b 2adrenoceptor agonists (Greiff et al., 1998; Proud et al., 1998) are known to inhibit plasma leakage, and, therefore, one can hypothesize that in our model, the increase in Penh is driven by an increased vascular leakage and that the synergistic effect seen with formoterol and mometasone is linked to their anti-plasma leakage properties. We did not assess plasma leakage in the present study, but a previous study has shown that following allergen challenge, mice only develop an early plasma exudation (within 15 min post challenge) and that no late exudation phase can be observed, even following repeated allergen challenges (Erjefalt et al., 1998) . Since we measured the increase in Penh at 4 h after the allergen challenge, it is unlikely to be linked to plasma exudation.
In our model and in line with its clinical profile, formoterol, given after the allergen challenge, has only a marginal inhibitory effect on the eosinophil influx and inhibits the allergen-induced airway increased airway sensitivity to aerosolized methacholine. This is the reason why the synergistic effect of the mometasone/formoterol combination could not be assessed on these two parameters.
Indeed, to study synergy using the method described by Berenbaum (1977) , both components should be able to inhibit the parameter studied when given on their own. Nevertheless, our data suggest a positive interaction between the two drugs on the allergen-induced airway neutrophilia, since both drugs were inactive when given on their own and a significant inhibition was observed with a combination of 5 mg kg À1 formoterol and 100 mg kg À1 mometasone. Knowing that steroids are not very effective in promoting the resolution of neutrophilic inflammation, this observation could have significant clinical implications for patients with severe asthma where neutrophil is thought to be the dominant inflammatory cell (Kamath et al., 2005) .
It is noteworthy that when given as a single entity an hour before the allergen challenge, formoterol had a deleterious effect on the airway reactivity to aerosolized methacholine. A possible explanation for this phenomenon could be related to the bronchodilating property of this class of compound that would facilitate the penetration of the antigen within the small airways, thereby, enhancing the airway reactivity to aerosolized methacholine. In support of this interpretation is the fact that when given either 1 or 3 h after the allergen challenge such a deleterious effect is not seen with formoterol.
In summary, our results demonstrate that coadministration of formoterol and mometasone, in a murine model of allergen-induced lung inflammation, acts synergistically when compared to the single administration of each drug. This observation supports the concept that when given as a fixed-dose combination to asthmatic patients, these drugs act synergistically.
